Abstract-This paper presents the design of a compact printed multi-band antenna for satellite communications within vehicular applications. The designed antenna is characterized by its compact size of 24 mm × 18 mm and multiple resonances over WiMAX, WLAN, 5 GHz U-NII, C-band, X-band, Ku-band, K-band and Ka-band. The performance of the multi-band antenna is investigated, and its equivalent circuit model is presented. Good performance is achieved over all the operating bands, with a relatively high gain and efficiency. Furthermore, as the interference with coexisting wireless systems can have a severe impact on the performance of the antenna, four variants of the antenna are proposed incorporating band rejection features within the antenna design. Embedded quarter-wavelength spurlines, slots, and parasitic elements were used.
INTRODUCTION
Nowadays, the need to incorporate broadband services in moving vehicles has drastically increased. Constrained by aesthetic requirements of the vehicles industry, the printed antennas are considered as the most adequate candidate to meet the market demands, due to their ease of fabrication, low production cost, light weight and robustness [1, 2] . Presently, microstrip antennas (MSA) are used in several application, starting from small electronic devices for radio communication to aircraft, spacecraft and satellite communication systems. Moreover, multi-band printed antennas present an intrinsic property for the vehicles, as they permit reducing the amount of integrated antennas in each vehicle. On the other side, printed antennas with band notched functionality have been broadly investigated, with a main focus was on the ultra-wideband antennas (UWB) [3] [4] [5] , as they tend to lower electromagnetic interference between the operating bands,in order to improve the antenna performance. In [6] [7] [8] , the authors obtained the band notched function by incorporating a pair of slots on the antenna. In [9] and [10] the use of parasitic elements has been proposed. Generally, generating a band rejection behaviour is based on shifting the antenna impedance in order to obtain a mismatch at a particular frequency. In this work, instead of performing the transaction from a wide single band antenna into a multiband antenna, we propose to transform a multiband antenna into a single operating band using a low cost method. Firstly, the performance of a compact multiband printed antenna is investigated in Section 2, then band rejection features are etched on the antenna resulting in four variants of the antenna design, which are detailed in Section 3. CST Microwave Studio was used to obtain the simulation results such as radiation patterns, gain, and reflection coefficients.
MULTIBAND ANTENNA DESIGN
The proposed antenna has a rectangular ring shape, with a compact size (24 mm×18 mm) and a uniform strip width w d = 2 mm. The antenna is printed on an FR-4 dielectric substrate, with a thickness of 1.6 mm and relative permittivity (ε r ) of 4.4. The microstrip feed line used to feed the antenna is offset from the center, with a width w f fixed to 2.89 mm providing the antenna with an input impedance of 51.95 Ω. Moreover, partial ground plane is used to obtain a broadened impedance bandwidth. The antenna design shows multiple resonances over a wide range of frequency (3-38 GHz). Fig. 1 depicts the described structure. The optimized values of the antenna parameters are shown in Table 1 . 
The simulated antenna demonstrates a good tetra band performance, with a lower |S 11 |, which indicates that the antenna has a good efficiency. The antenna has four operating wide bands with respect to the −10 dB bandwidth convention, given as: [3.88-5.4 GHz], [7.4-11.24 GHz], [12-16.52 GHz], and [22.28-36.4 GHz], respectively. Fig. 2 presents the reflection coefficient of the simulated multiband antenna compared with its measured data. Good results were obtained, where the difference seen between the simulated and measured reflection coefficient might be due to the use of an SMA port to perform the measurements instead of an SMK port, as no appropriate SMK port was found in the market. Fig. 3 shows the simulated input impedance, real and imaginary parts, which are used to deduce the operational characteristics of the antenna at resonance, and to build an equivalent circuit model of the antenna. Accordingly, a lumped element model is proposed using a second order circuit with two independent energy storage elements (inductors and capacitors). The proposed circuit model presented in Fig. 4 is composed from a cascade of parallel RLC circuits using resistors (R i ), inductors (L i ), and capacitors (C i ), for i = 1, 2, . . . , 5, terminated by an impedance load of 50 Ω. The initial values of R i are taken from the real part of the input impedance curve in Fig. 3 at the resonance frequencies determined as the imaginary part curve crosses the zero impedance axis. The initial values for L i and C i components were obtained using the given expressions [5] :
(1)
where f r i is the resonance frequency; Q i is the quality factor; f u and f l are the upper and lower frequencies, respectively, of each operating band. expressed using R i and C i [4] .
Regarding the radiation performance of the reference antenna, Fig. 6 illustrates the obtained radiation patterns at several frequencies. It is observed that the proposed antenna behaves as a monopole antenna at 4.91 GHz, while a wide radiation pattern covering almost all the azimuth range is obtained at 7.76 GHz, 12.72 GHz and 29.3 GHz, respectively. For the 3 dB beamwidth in the elevation plane, high values are found for 7.76 GHz, 12.72 GHz, and 29.3 GHz, with 176 • , 115.4 • , and 43.3 • , respectively. In terms of the antenna gain and efficiency, very satisfactory performance is achieved (see Fig. 7) , with a gain range varying between 2.033 dBi and 7.77 dBi, and a radiation efficiency above 84% for all the operating bands. The antenna performances were also compared with a conventional rectangular UWB antenna. The same antenna dimensions were kept during the simulation including the partial ground plane. Fig. 8 demonstrates that the overall gain of the multiband antenna is improved compared with the known UWB antenna structure, with an average gain of 6 dBi over the operating frequency band.
BAND REJECTION METHODS
In order to add the band rejection features to the reference antenna, slots and parasitic elements are used. The surface current distributions of the reference antenna is depicted in Fig. 9 for the resonance frequencies, i.e., 4.91 GHz, 7.76 GHz, 12.72 GHz and 29.3 GHz. It can be observed that higher surface current distribution is reached on the feed line and at its proximity on the antenna strip, also on the non radiating edges and within the ground plane. Based on that, the notch elements placements are chosen to be embedded in the partial ground plane, precisely in the coupled microstrip-ground area.
Ku-Band Antenna
This section will make use of the slotted antenna scheme in order to add the band rejection properties to the multiband antenna, as it has been proved in [11] that embedding spur lines on the radiating element can excite a new resonant mode. In this work, it is found that etching spur lines in the ground plane can provide band rejection at the desired frequency. The proposed antenna design is modified in order to operate in the Ku-band while rejecting the other coexisting bands. The modified antenna is presented in Fig. 10 , where a spur line has been cut from the ground plane to reject the first operating band [3.88-5.4 GHz], and its length is approximately around quarter wavelength at the first resonance (4.91 GHz). Further, a T-shaped slot is used as a band stop filter along the Ka-band. Therefore, the slot length is adjusted to be around half wavelength of the unwanted frequency 29.3 GHz. The resonance of the spur line is calculated using Eq. (5):
where f r is the resonance frequency, ε r the relative dielectric constant, c the speed of light in vacuum, and λ the wavelength of the slot/spur line which is considered to be:
where A is a constant equal to 4 when a quarter wavelength is considered and set to 2 when a half wavelength slot/spur line is used. Here, L stands for the spur line/slot length. When the spur line is considered, L is:
while for the T-shaped slot L is:
where s 1 and s 2 represent the lengths of the longitudinal slots, adjusted to 7.32 mm and 2.7 mm, respectively, after simulating the design. d is the distance from the top edge of the partial ground, and w is the width of the slots/spur line fixed to 0.3 mm. Fig. 9(a) shows a high surface current distribution extended along a wide area in the ground plane given rise to multiple choices of the placement of the longitudinal slot s 1 of the spur line. Hence, the effect of the distance d of s 1 from the top edge of the ground is examined in Fig. 11 . Parameter d is fixed to 0.8 mm as its corresponding curve results in a return loss above −10 dB for the rejected bands. Moreover, the effect of distance w f between the two etched elements is presented in Fig. 12 , where the parameter value of w f for this design is set to 2.2 mm, as it gives good performance. It is worth mentioning that although the design is proposed for the Ku-band, the operating band of this antenna design includes the C and X-bands, which is mainly due to the closely spaced wavelengths of these bands. Otherwise, this proposed antenna design shows a wide bandwidth ranging between 7.78 GHz and 15.869 GHz, with a low return loss, and good band rejection performance for the rest of the examined frequency range (see Fig. 13 ). 
Ka-Band Antenna
In this section, a modified antenna design operating within the Ka-band [26.5 GHz-40 GHz] is proposed. For this design, all the reference antenna parameters are kept unchanged. Fig. 14 shows the modified design, with two spur lines etched on the ground plane, and each one has a width of 0.3 mm. The longitudinal slot s 1 of the spur line is used to reject the first operating band, with a length adjusted to be approximately equal to the quarter wavelength ( 7.32 mm) at 4.91 GHz, and s 2 is embedded in order to exclude the C, X and Ku bands, with a length also equal to the quarter wavelength ( 4.5 mm) at 7.76 GHz, with an open ended vertical slot l 1 (2.38 mm × 0.3 mm) etched in between. Slots s 1 and s 2 create a predominance storing of magnetic energy at the short ends of the slots producing an inductive reactance, while the open ends of the spur lines or of the slot are responsible for radiation. The addition effect of each element is illustrated in Fig. 15 . The proposed antenna shows good results, wide single operating bandwidth from 22.77 GHz to 37 GHz, and a triple band-rejection feature with a reduced return loss within the working band in Fig. 16 . 
Parasitic Antenna Design
In this part of the work, the addition of a parasitic element is investigated. The proposed geometry is shown in Fig. 17 . An L-shaped arm is capacitively coupled to the radiating element, spacing a set to 0.3 mm. The arm is formed by joining two strips L p1 (= 14.75 mm) and L p2 (= 2.88 mm) with width w (= 0.5 mm). The embedded L-shaped arm location is chosen based on the obtained surface current distribution at 4.91 GHz shown in Fig. 18 . This arrangement causes the current distribution on the parasitic element to be out of phase with that on the radiating element, so that the added arm can produce a band rejection feature at the desired frequency. Thus, as seen from Fig. 18(a) , a higher surface current distribution is mainly concentrated near the L-shaped arm, where the currents are oppositely directed between the parasitic arm and the antenna [12] . The effect of the added parasitic element can 
Open Square Ring Antenna Design
In this section, band rejection features are implemented using the Open Square Ring structure by etching a gap along the feed line and going through the antenna. obtained. It is observed that the reflection coefficient decreases as the wavelength decreases and that as the gap width increases the gap loses its band rejection feature accordingly. Thus, the proposed antenna preserves the same behaviour as the reference antenna over all the operating range, except along the first operating band, as can be seen from Fig. 23 , for L gap = 7.28 GHz which is quarter wavelength of 4.91 GHz and w gap set to 0.5 mm for feasibility of the design.
CONCLUSION
Firstly, this work presents a compact multiband antenna design for land mobile satellite communications use, precisely for vehicles. The proposed antenna with a simple design can operate simultaneously in four bands providing several applications within bands such as WLAN, WiMAW, 5 GHz U-NII, Cband, X-band, Ku-band, K-band and Ka-band. A conceptual equivalent circuit model of the antenna is also proposed. Stable radiation patterns, and high efficiency and gain over the operating bandwidths are achieved with a peak value of 7.77 dBi. Secondly, four derived designs are proposed to provide interference avoidance and band rejection features, which is achieved by etching spur lines and slots on the ground plane for the two first proposed designs, resulting in two single band antennas with a wide impedance bandwidth. The two other designs are obtained by acting on the radiating element shape and by placing an L-shaped parasitic element at the vicinity of the antenna. The designs provide good band-rejection filter response for the rejected bands, with a lower reflection coefficient in bands of interest.
